Expression of Kaposi's sarcoma-associated herpesvirus (KSHV) lytic genes is thought to be essential for the establishment and progression of KSHV-induced diseases. The inefficiency of lytic reactivation in various in vitro systems hampers the study of lytic genes in the context of whole virus. We report here increased expression of KSHV lytic genes and increased release of progeny virus when synchronized cultures of body cavity-based lymphoma-1 cells are treated with a phorbol ester during S phase of the cell cycle.
Kaposi's sarcoma-associated herpesvirus (KSHV; also called human herpesvirus 8) is a gamma-2 herpesvirus and is widely accepted to be the causative agent of Kaposi's sarcoma as well as the lymphoproliferative disorders primary effusion lymphoma (3, 4) and multicentric Castleman's disease (16) . KSHV DNA is consistently found to be associated with almost all clinical forms of Kaposi's sarcoma (6) , localizing specifically to endothelial and spindle cells (2) as well as infiltrating monocytes (1) . In vivo, the majority of infected cells maintain the virus as a latent infection, with only a small percentage of cells spontaneously entering the lytic replication cycle (17, 20) . The biological signals that promote lytic induction are not fully understood, though hypoxia (7), coinfection with other viruses (10, 18) , and expression of KSHV open reading frame (ORF) 50 (9) , a homolog of Epstein-Barr virus Rta, have been implicated. In vitro, KSHV-infected cells can be induced to enter the lytic cycle by treatment with phorbol esters or sodium butyrate or by overexpression of ORF 50 (19) . Chemical induction significantly increases the percentage of cells that express lytic gene products above the typical background of 0.5 to 5%, but in most cases the maximum level of lytic induction does not exceed 20% (5, 21) . Efforts to study lytic cycle genes in vitro within the context of whole virus are thus complicated by the inefficiency of chemical induction.
DNA viruses, including herpesviruses, are known to influence cell cycle progression in host cells to optimize the cellular environment for viral replication (13) (14) (15) . We hypothesized, therefore, that inducing lytic reactivation in synchronized cultures of KSHV-infected cells at different stages of the cell cycle might reveal a point of maximum inducibility. To test this hypothesis, asynchronous cultures of BCBL-1 cells, a primary effusion lymphoma cell line persistently infected with KSHV but not Epstein-Barr virus (obtained through the AIDS Research and Reference Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Disease, National Institutes of Health; contributed by Michael McGrath and Don Ganem), were synchronized at G 0 by 24 h of incubation in serum-free RPMI 1640 medium (SFM) supplemented with 100 U of penicillin per ml, 100 g of streptomycin per ml, and 2 mM glutamine. Asynchronously dividing cells (1.2 ϫ 10 7 ) were pelleted, resuspended in 20 ml of SFM, and then distributed evenly between four T25 flasks (3 ϫ 10 6 cells in 5 ml of SFM/culture). After 24 h, 500 l of fetal calf serum (10% final concentration) was added to induce reentry into the cell cycle. At 0, 6, 16, and 24 h following the addition of serum, lytic replication was induced by the addition of tetradecanoyl phorbol acetate (TPA; 20 ng/ml), and cultures were incubated for an additional 48 h (Fig. 1) . Parallel unsynchronized cultures, TPA treated and untreated, were prepared as controls. Trypan blue exclusion verified that cell viability was not appreciably affected by any of the experimental conditions employed (data not shown). Following TPA induction, cultures were spotted onto glass slides and air dried, fixed with 2% paraformaldehyde, permeabilized with 0.05% Triton, stained for a KSHV early lytic marker (ORF 59) with a monoclonal antibody generously provided by Bala Chandran (The University of Kansas Medical Center, Kansas City) followed by goat anti-mouse immunoglobulin fluorescein isothiocyanate-labeled secondary antibody (Biosource International, Camarillo, Calif.), and examined on a Zeiss fluorescent microscope. Figure 2A shows representative images for each treatment. Calculation of the average number of ORF 59-positive cells from nine random fields shows a 10-fold increase in ORF 59 reactivity in the synchronized BCBL-1 culture that was induced with TPA 16 h after release from G 0 block compared with the unsynchronized TPA-treated culture ( Fig. 2A , bar graph, 16 h versus constant serum). This observation suggests that the cellular environment 16 h into the cell cycle is better able to support lytic replication following chemical induction.
We next compared expression levels of a late lytic gene, ORF 65, by reverse transcriptase-PCR (RT-PCR) in synchronized cultures prepared as described for Fig. 1 . Total cellular RNA was harvested with an RNeasy RNA isolation kit (Qiagen Inc., Valencia, Calif.). DNase-treated RNA (5 ng) was used as the template for RT-PCR for ORF 65 with a Titan The cellular hypoxanthine-guanine phosphoribosyltransferase gene was amplified from each sample as a control for cDNA synthesis and yielded consistent amplification products from sample to sample. Parallel reactions using Vent polymerase (New England Biolabs, Beverly, Mass.) showed that there was no DNA contamination in template RNAs (data not shown). Cultures without TPA induction had ORF 65 levels below the level of detection, as did TPA-induced cultures treated with ganciclovir, a drug that blocks viral replication (11) (data not shown). Figure 2B shows the levels of ORF 65 expression when RT-PCR products were visualized by electrophoresis through agarose-ethidium bromide gels. Densitometry analysis of band intensity revealed that ORF 65 expression was highest in the synchronized BCBL-1 culture that was induced with TPA 16 h after release from G 0 block (Fig. 2B, bar graph) , again indicating that the intracellular environment of BCBL-1 cells is most conducive to KSHV lytic reactivation by chemical induction 16 h following release from G 0 block. To determine if the increase in lytic gene expression seen in the previous experiments represents abortive reactivation or if there is a concomitant increase in release of viral progeny, numbers of KSHV genome copies in culture supernatants were determined by quantitative SYBR-green PCR. Culture supernatants from synchronized and unsynchronized cultures prepared as for Fig. 1 were centrifuged for 1 h at 22,000 rpm in a Beckman L8M ultracentrifuge with rotor SW28 over 5 ml of 20% sorbitol. DNA from the resultant pellets was harvested by using a Purgene genomic DNA purification kit (Gentra Systems, Minneapolis, Minn.) according to the manufacturer's instructions and resuspended in 10 l of distilled H 2 O; 1 l was used as the template per reaction using TaqMan universal PCR Master Mix (Applied Biosystems, Foster City, Calif.). Quantitative PCR was performed on an ABI-PRISM 7700 sequence detection system (Applied Biosystems) under standard reaction conditions. Full-length ORF 65 was cloned into pGEM-TEasy (pGEM-TEasy vector system; Promega, Madison, Wis.; ORF 65 forward primer, 5Ј-CAGGAGCGACTGGATCATGA-3Ј, ORF 65 reverse primer, 5Ј-TTTCCCTGATCCAGGGTATTCA-3Ј) and serially diluted for construction of a standard curve. Culture supernatant from synchronized BCBL-1 cells chemically induced 16 h following release from G 0 block yielded an average of approximately 60 KSHV genomes/cell, a 30-fold increase in virus production compared with the unsynchronized TPA-induced culture (Fig. 2C) , indicating that the increased expression of lytic genes under these culture conditions is reflective of increased productive rather than abortive lytic replication. The S phase of the cell cycle is reached between 12 and 16 h after the addition of serum to cultures synchronized by serum starvation (12) . To determine whether synchronized BCBL-1 cells were in S phase 16 h following release from G 0 block, we determined the DNA content of these cells with a bromodeoxyuridine (BrdU) flow kit (BD Pharmingen, San Diego, Calif.) per the manufacturer's instructions. As expected, BCBL-1 cells synchronized by 24 h of serum starvation were predominantly stalled in G 0 , indicated by a 2N DNA content (7-amino actinomycin D [7-AAD] staining of total DNA content) (Fig. 3A , lower left quadrant of left panel) and the absence of DNA replication (BrdU staining of actively replicating DNA) (Fig.  3A , upper left and right quadrants of left panel). In contrast, 16 h following the reintroduction of serum, 70% of cells began DNA synthesis (Fig. 3A , upper left and right quadrants of right panel) with 24% of the total achieving a 4N DNA content (upper right quadrant only). TPA treatment did not alter the progression through the cell cycle past S phase (data not shown). Therefore, G 0 -synchronized BCBL-1 cells are predominantly in S phase 16 h after reentering the cell cycle.
We next employed hydroxyurea (HU; 1.5 mM; Fisher, Pittsburgh, Pa.) to halt cell cycle progression in S phase; HU inhibits ribonucleotide reductase, thereby limiting the ribonucleotide pool and blocking DNA synthesis (8) . We verified that HU treatment blocked BCBL-1 cells in S phase by measuring the DNA content of HU-treated and untreated cells by BrdU and 7-AAD staining as described above. BCBL-1 cultures were first synchronized by serum starvation for 24 h; 10% serum was then added, and cultures were allowed to progress through the cell cycle for 20 h in the presence or absence of 1.5 mM HU plus 10 M BrdU. Figure 3B demonstrates that approximately 58% of gated cells from untreated cultures were able to achieve a 4N DNA content (upper right quadrant of left panel), whereas 10-fold-fewer HU-treated cells (upper right quadrant of right panel) were able to proceed past early S phase, thus verifying that HU-treatment synchronized BCBL-1 cells at S phase. To corroborate our evidence that BCBL-1 cells are most responsive to lytic induction during S phase, BCBL-1 cultures with and without HU were divided into TPAtreated and untreated pools. ORF 65 expression, determined by RT-PCR as described for Fig. 2B , was approximately 2.5-fold greater in TPA-induced BCBL-1 cultures that had been previously synchronized at early S phase with HU than in asynchronous cells treated with TPA (Fig. 3C, bar graph) . This finding is consistent with other data presented here and indicates that the intracellular environment of BCBL-1 cells is most able to support KSHV lytic replication following chemical induction during S phase of the cell cycle.
This simple method may prove useful in the study of KSHV lytic cycle genes in the context of whole virus as well as increasing the efficiency of high-titer KSHV stock preparation. More broadly, determination of specific S-phase cellular products which account for the increased inducibility of infected cells as demonstrated here may shed further light on the molecular mechanisms governing induction of KSHV lytic replication.
